electrocatalysis [37] , hydrogen storage [38] , and surface plasmon resonance [39] . Its sulfides contain many kinds of compounds, including PdS, PdS 2 , Pd 3 S, Pd 16 S 7 , and Pd 4 S. PdS is a semiconductor with an energy gap about 2 eV which endows it applications in catalysis [40] [41] [42] and semiconductor materials science [43, 44] . A classic way to synthesize metals or metal sulfides is thermal decomposition of the corresponding metal thiolates under solvents or solventless conditions [45] [46] [47] . Palladium and palladium sulfides can also be synthesized through thermolysis of palladium thiolate clusters [46, 47] 
INTRODUCTION
Transition metal thiolates play important roles in helping us understand the biological processes and in the progress of coordination chemistry [1, 2] . Thiolate ligands (SR) could bond with metal atoms in different coordination modes, terminal, μ 2 -bridging or μ 3 -bridging modes [3] [4] [5] . A large variety of thiolated transition metal clusters have been extensively synthesized and characterized, such as iron [6] , cobalt [7] , nickel [8] [9] [10] , copper [10, 11] , zinc [12, 13] , palladium [14, 15] , silver [4, 16, 17] , platinum [18] and gold [5, 19] . These metal-thiolate clusters exhibit intriguing properties and potential applications in the fields of catalysis [20, 21] , optics [22, 23] and magnetism [24, 25] . Recently, self-assemblies of these individual metal-thiolate clusters into specific nano-architectures have also gained extensive concern [26] [27] [28] [29] [30] . Wu et al. [26, 27] reported the synthesis of gold nanosheets and copper nanoribbons through the controlled self-assembly of Au 15 and Cu 12 clusters. The resulting Cu nanoribbons showed enhanced structural stability without lowering its catalytic activity in oxygen reduction reaction (ORR) [26] .
Palladium nanostructures of different sizes and morphologies play crucial roles in organic catalysis [31] [32] [33] [34] [35] [36] 2 was dissolved in 8 mL acetate acid and gave a bright yellow solution. Then, 8 mL DMSO and 8 mL EG were added under stirring. The mixed solution was heated to 130°C in oil bath and kept at this temperature for 3 h. Then the mixture was cooled down to room temperature, and the orange precipitate was separated via centrifugation at 10,000 rpm for 5 min, and further washed with ethanol for three times.
Synthesis of [Pd(SCH 3 ) 2 ] 6 nanospherical assemblies 20 mg of Pd(OAc) 2 and 40 mg of CTAB were dissolved in 8 mL acetate acid to form a yellowish red solution. Then, 8 mL DMSO and 8 mL EG were added under stirring. This mixed solution was heated to 130°C in oil bath and kept for 15 min at this temperature. Centrifugation and washing procedures were the same as described in microprismatic counterpart.
Characterizations
The samples were characterized by X-ray diffraction (XRD), using a Bruker D8 Advance X-ray powder diffractometer with monochromatized Cu Kα radiation (λ = 1.5418 Å). The operation voltage and current were 40 kV and 40 mA, respectively. Powder XRD data were recorded with a 2θ resolution of 0.02° and a scan rate of 0.2 s per point. Transmission electron microscopy (TEM) images were recorded by a JEOL ModelJEM-1200EX working at an accelerating voltage of 100 kV. The N 2 adsorption-desorption isotherms were collected using a Quantachrome Instruments Autosorb AS-6B at liquid temperature. Thermogravimetric analysis (TGA) of the sample was conducted on a TGA-2050 (TA Corp.) thermogravimeter. The Fourier transform infrared (FT-IR) spectrum of the sample was collected on a Perkin-Elmer Spectrum GX FTIR spectrometer from 4000 to 450 cm −1
. The UV/vis absorption spectrum of Pd clusters (dissolved in CHCl 3 ) was recorded in standard quartz cuvettes on a UV-2550 spectrophotometer (Shimadzu, Japan) at room temperature. The morphologies of the assemblies were characterized using a field-emission scanning microscope (FESEM) (LEO-1530) and the elemental composition of the material was determined by energy-dispersive X-ray spectroscopy (EDS) (Oxford 7426 attached to the FESEM) at the voltage of 20 kV.
RESULTS AND DISCUSSION
Reaction mechanism of [Pd(SCH 3 ) 2 ] 6 complex Normally, to prepare Pd(II) thiolate complex, the corresponding thiol ligands should be used. In our synthesis process, DMSO is used to transform to methanethiol in situ, which can avoid stink and flammable regent during the synthesis. Upon heating, the initially transparent solution becomes cloudy within 15 min. Photographs of different time during the synthesis are shown in Fig. S1 . The proposed mechanism of the Pd-thiolate complex formation is illustrated in Scheme 1. It has previously been reported that sulfoxides which do not possess β-hydrogens can be thermally rearranged to the corresponding sulphenates, the latter subsequently fragmenting into a thiol and a carbonyl compound [48] . In the present case of dimethyl sulfoxide, this reaction would result in the formation of methanethiol (2) and formaldehyde (3) likely via methyl methanesulphenate (1) [48] . Thus, the as-formed methanethiol reacts with palladium acetate, thereby giving us the undissolvable Pd-thiolate complex compound and acetate acid. 
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Scheme 1 Schematic illustration of the proposed mechanism for the formation of a Pd-thiolate complex. © Science China Press and Springer-Verlag Berlin Heidelberg 2015 ARTICLES SCIENCE CHINA Materials atoms form a hexagonal shape in a nearly planar style, the Pd···Pd distance gives an equal length of 3.126 Å, which is too long to form significant bonding between the neighboring palladium atoms. Four sulfur μ 2 -bridged thiolate ligands coordinate with each palladium atom with an approximately square-planar configuration. The average Pd-S bond length is 2.332 Å, and the S-Pd-S bond angles vary in the range of 81.9-98.0°. All 12 sulfur atoms form two S 6 hexagons parallel to the central Pd 6 ring from both sides. The dihedral angle between the PdS 4 coordination planes is 176.4°. The average S···S distance in S 6 rings is 3.513 Å, indicating no existence of S-S bond. The whole cluster assembles into a triple-layered tiara-like structure with a height of ~3.056 Å. And its symmetry is close to D 6h . The methyl thiolate groups are alternately located in either parallel or perpendicular direction to the S 6 rings (Fig. 1b) . According to theoretical investigation [50] , the Pd-S π bonding orbitals distributing throughout the palladium ring play a pivotal role in constructing and stabilizing the characteristic tiara-like structure. Such atomic arrangement has a triple-layered tiara-like structure and has also been found in other analogous [Pd(SR) 2 (Fig. 3c) . Compared to the pattern of the prismatic sample as shown in Fig. 2 , the spherical counterpart shows the broadened peaks and a weak peak at ~11.7°, indicating the smaller grain size. Size distribution diagram is shown in Fig. 3d , which confirms a narrow size distribution of the samples.
Thermolysis of [Pd(SCH 3 ) 2 ] 6 assemblies
We studied the thermal stability of the as-prepared [Pd(SCH 3 ) 2 ] 6 microprisms. The TGA curve was measured under air atmosphere from room temperature to 350°C with a temperature ramp of 2°C min −1 . The TGA results are given in Fig. 4 . The decomposition of Pd-thiolate complex under air atmosphere begins at 210°C and ends at about 270°C, which corresponds to the loss of hydrocarbon part and sulfur moiety. According to the empirical formula, PdS 2 C 2 H 6 , the ideal weight loss percentage should be 47.0%. However, the actual total weight loss of 45.3% is slightly less than the theoretical value of 47.0%. The weight percentage increase in air, 1.7%, suggests that only partial oxidation takes place while some Pd(0) still keeps zero-valent even at high temperature under air atmosphere. Then, thermolysis study of the Pd-thiolate assemblies were carried out under both air and argon condition. Pd and various Pd sulfides were obtained at different temperature and atmosphere. The details of the thermal decomposition experiments 
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are listed in Table 1 . It shows that the sulfide composition of the cluster can be completely removed at 350°C under air atmosphere. However, this cannot be achieved even in much higher temperature under argon condition, indicates that the oxygen plays an important role in removing the sulfide in the assemblies.
For further understanding the thermolysis process, the morphology of the palladium product, which was obtained at 350°C under air condition, was characterized by SEM. Fig. 5a shows a representative SEM image of nanoporous palladium at low magnification. It can be seen that pristine prism-like morphology kept intact after thermolysis. The enlarged image shown in Fig. 5b reveals that after thermal decomposition, the product shows an interesting continuous 3D porous structure with a hollow center. XRD pattern of the pyrolysis product is shown in Fig. 5c , which unequivocally suggests that the product is phase-pure Pd with face-centered cubic (fcc) structure, implying the complete decomposition of Pd-thiolate complex to palladium metal.
CONCLUSIONS
In summary, a tiara-like Pd(II) thiolate complex, [Pd(SCH 3 ) 2 ] 6 , was formed through a novel method, in which DMSO with better availability and moderate smell was used instead of CH 3 SH, and the reaction mechanism was also discussed. We further investigated the morphology evolution by introducing a surfactant regent, and successfully obtained monodisperse nanospheres without changing other conditions. This method can be easily extended to other morphology by changing the surfactant's type and chain length. Furthermore, the related palladium and palladium sulfides could be obtained through simple thermal decomposition of [Pd(SCH 3 ) 2 ] 6 assemblies. We expect that this convenient method could be extended to longer alkyl chain sulfoxides, or even other metals (nickel) which can also form similar tiara-like thiolate clusters. This work will offer an important way for designing and fabricating palladium and palladium sulfides with particular structures.
